To obtain ideal implant materials, we hot extruded Mg-2.0Zn-0.5Zr-3.0Gd solid-solution alloys, and studied extrusion temperature impacts on materials 
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The cast ingots were homogenized at 480 o C for 8 hours, followed by quenching into water at about 60 o C. They were then machined into blocks with the size of Φ50 mm×35 mm for extrusion. The extrusion die was preheated to 300 o C. The cylindrical ingots were preheated at different TE of 470, 480, 490, 500, 510 o C for 2 hours.
Hereafter, these as-extruded samples are denoted as E470, E480, E490, E500, E510, respectively. They were hot extruded into rods with a diameter of 18 mm at an extrusion ratio of ~8, and a speed of 5 mm/s. The extruded rods were cooled to room temperature in the air. All the extruded rods were carried out with relief annealing at 200 o C for 4 hours. Six individual samples were extruded at each TE .
Microstructure determination and mechanical properties test
The specimens for microstructure measurements were cut parallel to the ED, mechanically polished, and etched with acid solutions (5 mL picric acid, 5 mL acetic acid, 100 mL absolute ethyl alcohol and 10 mL distilled water). The microstructures were characterized using optical microscopy (OLYMPUS) and scanning electronic microscopy (SEM). Transmission electron microscopy (TEM) was carried out using a JEM-2010 at 200 kV. The TEM samples were machined by wire-cutting the extruded rods parallel to the ED. Thin foils for TEM observation were punched into discs of 3 mm in diameter, mechanically polished to about 70 μm, and then twin-jet electropolished in a solution of 97% ethyl alcohol and 3% perchloric acid at -45 o C and 0.1 A. At last a twin-gun precision ion polishing system (Gatan, model 691) was used for ion milling at last. The extruded rods were machined into tensile specimens of 5 mm gauge diameter and 25 mm gauge length parallel to the ED. Tensile tests were performed at room temperature by using a AG-1250KN (SHIMADZU) machine at a tensile speed of 1 mm/min.
Electrochemical corrosion test
Potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were carried out to evaluate the corrosion behavior of Mg-2.0Zn-0.5Zr-3.0Gd alloys in SBF at 37 o C on an electrochemical workstation (Autolab PGSTAT128N). The SBF has the following composition: 8.0 g/L NaCl, 0.14 g/L CaCl, 0.4 g/L KCl, 0.35 g/L NaHCO3, 0.1 g/L MgCl2·6H2O, 1.0 g/L Glucose, 0.06 g/L Na2HPO4·12H2O, 0.06 g/L KH2PO4, and 0.06 g/L MgSO4·7H2O [24] [25] [26] .
The three-electrode configuration was adopted in the electrochemical test. The alloys with a surface area of Φ11.3 mm×10 mm were used as working electrode, a saturated calomel electrode as reference electrode, and a graphite sheet as counter electrode. The working electrodes were connected to a copper wire and then embedded in the epoxy resin. The mounted samples were mechanically polished and exposed with a surface area of 1 cm 2 . In order to keep stability of the experiment, the potentiodynamic polarization and EIS measurements were carried out after soaking the working electrodes in SBF for 1 hour. Potentiodynamic polarization testing was 
Immersion corrosion test
The simplest measurement of the corrosion rate is the weight loss rate test by immersion experiment in SBF. The loss W  (mg) can be translated to an average corrosion rate, w P (mm/y) using
Here w P is corrosion rate measured by weight loss, ρ the alloys density (g/cm 3 ), A the specimen surface area (cm 2 ), and t the immersion time (hour) [27] . The samples with diameters of 18 mm and thicknesses of 5 mm were immersed into 180 mL solutions whose temperatures were maintained at 37 o C with a water bath. The immersion test lasted for 120 hours and the immersion solution was renewed every 8
hours in order to keep the pH stable.
The corrosion rate of alloys was also evaluated in SBF by hydrogen evolution experiment. The sample with a dimension of Φ18 mm×5 mm was horizontally immersed in 180 mL SBF. The SBF was kept in a beaker open to air. The hydrogen evolved during the corrosion experiment was collected in a burette above the corroding sample. The amount of hydrogen can be measuring from the height difference of the SBF in the measuring burette [28] [29] . Samples were immersed in SBF for up to 120 hours at 37 o C. The total volume of evolved hydrogen gas was recorded when immersion solution was renewed every 8 hours in order to achieve a better simulation result. The hydrogen evolution rate, VH (mL) was evaluated by dividing the evolved hydrogen volume by the time of evolution. The hydrogen evolution rate, VH, was converted to corrosion rate [30] , PH (mm/y) using: Fig. 1(a) , the solid solution alloy has an uniform grain structure, and the initial average grain size is about 150 μm. The TEM micrographs of the E490 alloy are shown in Fig. 2 . The bright field image shows densely dispersed rod-like particles with 100-400 nm length and 20-40 nm width ( Fig. 2(a) ). Rod-like particles are oriented along the ED in the dark field image in Fig. 2(b) . According to the corresponding selected area electron diffraction (SAED) pattern ( Fig. 2(c) ), the rod-like precipitated phase has a face-centered cubic (fcc) structure. The interplanar spacing of SAED pattern in Fig. 2(c where Zn is dissolved in the structure, in accordance with results for other alloys [31] [32] . It is worth noting that the cohesive energy of (Mg, Zn)3Gd phase was much lower than the corresponding value of Mg3Gd phase, suggesting a more stable (Mg, Zn)3Gd phase than the Mg3Gd counterpart. Compared to the Mg3Gd phase with positive enthalpy, the (Mg, Zn)3Gd phase has negative formation enthalpy, resulting in a stronger alloying ability [33] .
Results

Microstructure
In addition, some of nanoscale particles were observed distributing within α-Mg matrix, as shown in Fig. 2 Based on above evidences, we also studied the origins of the rod-like phases. As illustrated in Fig. 3 were dynamically precipitated at the grain boundaries and within the grain interiors ( Fig. 4(h) ). In the region containing abnormal growing grains (Fig. 4(i) ), high density rod-like particles with diameter of 20-50 nm and 200-400 nm in length were observed in the abnormal growing grain region and distributed along the ED. The engineering stress-strain curves of the solution-heat-treated and E470-510 alloys tested at room temperature are shown in However, at the 500-510 o C range, while the semi-cleavage planes on the fracture surfaces increase gradually with the temperature, the plastic dimples decrease obviously. Fig .9 shows the surface morphologies of the Mg-2.0Zn-0.5Zr-3.0Gd alloys immersed in SBF for 120 hours. It can be seen that the magnesium samples were covered by rather uniform films decorated with bright particles distributed all over the corrosion layer. As showed in Fig. 9 (a)-(f), many cracks are on the surface, due to the dehydration of the corrosion products after being dried in warm air [36] . EDS test results corresponding to the areas marked by A and B in Fig. 9 (d) are analyzed and the results are shown in table 3. The main elements of the corrosion products are identified as O, Mg, P, Ca and Na elements. At the A place in Fig. 9(d) , the products are rich in Ca but do not contain Na. The presence of Na in the corrosion products is most probably due to inadequate washing. osteoconductivity [37] . The deposition of Ca10(PO4)6(OH)2 particles during immersion accelerate the recovery of bone tissue [38] . Thus, present Mg alloys have good biocompatibility. alloy and E480 alloy. The whole surface was corroded with some small shallow areas, and few second phase particles oriented along the ED in the matrix. The existence of small shallows may be attributed to the elongated coarse unDRXed deformed grains (as shown in Fig. (1) ). Fig. 11(d) presents the corroded surfaces after the immersion test for E490 alloy. There was relatively uniform corrosion over the whole surfaces, but also some original areas suffering from little corrosion. Fig. 11 (e)-(f) presents the corroded surface after the immersion test for E500 alloy and E510 alloy. The E510 alloy suffered from the most serious corrosion among all the extruded alloys. A large amount of normally growing DRXed grains and a small quantity of abnormal growing grains in the E510 alloy matrix might cause potential difference. This easily leads to galvanic corrosion, which further accelerates the corrosion rate. Additionally, the abnormal growing grains themselves have low corrosion resistance [5] . This trend is also showed in Ref. [39] with as-cast and solution-heat-treated Mg67-Zn28-Ca5 alloys at the initial stage of immersion. In order to fully understand the corrosion process and investigate the time dependence of the E490 alloy corrosion mechanisms, a two-time constant electrical equivalent circuit (EEC) was used to fit the impedance response (Fig. 14) . The capacitive loop in the higher frequency region is attributed to the charge transfer resistance, while at lower frequency region is associated with the diffusion of ions transport in the solid phase through the corrosion layer. In this equivalent circuit, the Rs is represent solution resistance between the reference electrode and the sample.
Mechanical properties
Fracture characteristics
Polarization tests
Immersion tests
EIS measurements
The CPE1 and Rp1 describe, respectively, the capacitance at the substrate/MgO film corrosion layer and the charge transfer resistance through MgO barrier film. The Rp2 describes the resistance of Mg 2+ through the outer corrosion layer, and CPE2 is the corresponding capacitance at corrosion layer/electrolyte interface [40] . Constant phase elements (CPE) are employed instead of pure capacitances because of the non-ideal double layer capacitive response. The impedance value of a CPE is calculated by [41] :
where Y0 is the CPE constant,  the angular frequency. n is the CPE dimensionless exponent, denoting deviation from the ideal capacitive behavior (0＜n≤1). If n is equal to 1, CPE is identical to that of a capacitor. Table 4 shows the EIS fitting parameters for E490 alloy obtained after different immersion times. The parameter of Rs has a value about 20 Ω cm -2 in SBF. The sum of Rp1 and Rp2 increase slowly with immersion times during the first 24 hours, suggesting probably initial formation of a porous Mg(OH)2/carbonated corrosion layer.
The layer became thicker as a result of corrosion resistance increase and corrosion layer porosity decrease. Between 24 hours and 32 hours, the Rp1 increases slowly with immersion times, which can be related to increase protective inner MgO layer thickness in most of the area. Decrease of Rp2 can be attributed to the rupture of the corrosion layer at the grain boundary where vigorous hydrogen was emitted in localized corrosion and corrosion layer was dissolved after adsorption of chloride ions.
After 32 hours, the Rp2 slightly rises and then gradually tends to be stable up to 120
hours. This is attributed to the dissolution and generation of corrosion products close to the dynamic equilibrium state. The Rp1 has a smaller change in the vicinity of 400 Ωcm -2 and no regularity, probably due to the dynamic fluctuation on formation and dissolution of a protective inner Mg(OH)2 corrosion products. The sum of Rp1 and Rp2
slowly increased with the prolongation of immersion time and approached to the stabilized value after 104 hours. The reaction tends to be stable, forming more compact corrosion products layer on the alloy surface. Fig. 1(a) ), the grain size of hot extrusion alloys was remarkably refined, indicating that the DRXed occurs in E470-510 alloys. The deformation temperature dominates the DRXed processes in solid solution Mg-2.0Zn-0.5Zr-3.0Gd alloy when the extrusion ratio was about 8. In terms of microstructure evolution within the 470-490 o C range (Fig. 4) , dislocation density in DRXed and unDRXed grain regions decreases drastically with extrusion temperature. In general, recrystallization kinetics increases with extrusion temperature [42] . Both the grain size and distribution strongly depend on the extrusion temperature [43] . As shown in Fig. 4 and mechanical properties through DRX in alloys [42, 44] . The pinning effect is weakened when extrusion temperature was higher than 500 o C. The grain boundaries were pinned by small particles after a higher deformation temperature, and dislocations were continuously trapped into these grain boundaries, eventually leading to their transformation into high angle grain boundaries [45] .
Discussion
The cleavage planes and tearing ridges dominant, which is typical of brittle fracture, can be observed on the tensile fracture surface of the solution-heat-treated alloy ( Fig. 6(a) ). Rather large grains exist within the matrix, resulting in the poor mechanical properties. The structures of the fracture surface and failure mode are quite similar for as-extruded alloys. The main differences in mechanical properties of the as-extruded alloys are due to their different DRXed fraction and grain size. At room temperature, the basal dislocation is attributed to the dominant deformation mechanism. The fine-grained structure has good mechanical properties according to the Hall-Petch relation [46] . Besides the grain boundary strengthening, second phase strengthening is also an important factor in the present study. As shown in Figs (Table 1) . This is mainly attributed to the fine uniform dispersed precipitates and fine DRXed grains as well as relatively high DRXed fraction. The excellent ductility of the extrusion alloys is mainly ascribed to the following factors:
(1) The fine DRXed grains contribute to the activation of non-basal slip systems which can obviously enhance the ductility and strength of the alloy [47] . (2) Discrepancies are noticed between the corrosion rates given by the corrosion current at the free corrosion potential and by the direct measurements using weight loss [49] . The free corrosion typically starts from a localized corrosion after an incubation and slowly expands over the sample surface [50] . Thus, the Pi from the Tafel extrapolation interprets the onset of corrosion. In contrast, the rate from the weight loss measurement is yielded from corrosions averaged over a considerable period (120 hours), most of which is counted after the corrosion onset [51] . Therefore, the corrosion rates differ in the short-term tests (Pi) and long-term tests (Pw). Despite of the small discrepancy, the trend of corrosion rates by using weight loss and hydrogen evolution is in good agreement with the results estimated by Tafel extrapolation ( Table 2 ).
Recent literatures suggest that corrosion behavior of Mg and its alloys can be significantly altered by grain refinement and researchers have reported improvement in corrosion resistance of Mg and its alloys [52] [53] . Thus, we study morphological formed on the fine-grained magnesium alloy provides better surface coverage, and provides a means to inhibit subsequent rupture of exterior Mg(OH)2 layer [54] . This would improve the corrosion resistance of Mg alloys. Secondly, the higher area fraction of DRXed microstructure leads to lower dislocation density in the microstructure, consequentially decelerating corrosions. Thirdly, the grain boundary acts as a physical corrosion barrier, and a smaller grain size is in favor of the corrosion resistance [8] . Fourthly, the Gd addition to Mg-2.0Zn-0.5Zr alloy in general improves the anticorrosion response of the alloy. This is attributed to the increase corrosion potential of the Gd metal, and a protective layer formed by it after being solidly solved to the magnesium matrix.
The higher area fraction of DRXed microstructure for E490 alloy was likely to reduce propensity of localized corrosion attack and yield uniform corrosion in three ways. Firstly, fine grain will lead to formation of closely spaced electrochemical batteries of anodic and cathodic regions, which led to more uniform attack. Secondly, the fined microstructure with lower gradient of electrochemical potential within the matrix have more homogeneous microstructures. Thirdly, the nanoscale second phase particles are distributed more homogeneously in the matrix.
Conclusions
In conclusion, we systematically studied the effects of extrusion temperature on the microstructure, mechanical properties and corrosion resistance of solid-solution Mg-2.0Zn-0.5Zr-3.0Gd alloys. Possible mechanisms were also proposed. The main conclusions are as follows. 
